A computer model, which uses degree days to simulate ascospore maturation and daily rainfall to simulate release of mature ascospores, was tested on observed ascospore release data. The mean number of degree days from 22 August to 50% ascospore maturation for the observed data (653 o C days) was not significantly different from the model value of 534 o C days. The mean difference between modelled and observed percentage release for 79 individual sampling periods was not significantly different from zero, indicating that the model was not biased towards over-or under-prediction. Ninety percent of the modelled predictions were within ±10% of the observed ascospore counts, indicating good precision. The model accurately identified occasions when <5% ascospore release occurred and when substantial release followed dry weather.
INTRODUCTION
Ascospores are the main source of primary inoculum for black spot (Venturia inaequalis) infection in apple orchards and are released over a 1-2 month season in spring, starting around bud burst. Ascospore numbers vary enormously from day to day during the release season, according to the stage of ascospore maturation and the occurrence of daytime rainfall (Brook 1976) . Apple growers currently control ascospore infection by applying protective fungicide sprays every 7-10 days and curative sprays after infection periods have been monitored with an infection warning system (Beresford and Spink 1992; Laurenson et al. 1994; Laurenson and Beresford 1996) . New Zealand apple growers, however, currently have no way of knowing when the greatest risk of ascospore release occurs.
Degree day models which describe ascospore maturation have been developed overseas (e.g. Gadoury and MacHardy 1982; Schwabe et al. 1989) , giving growers knowledge of when the release season begins, when it is likely to peak and when it ends. These models do not, however, identify the numbers of ascospores released from day to day. An ascospore release prediction model, which uses a degree day model in conjunction with rainfall to predict daily ascospore release, has been developed from New Zealand historical ascospore release data (Beresford 1998) . The testing of this model using ascospore release observations collected in five New Zealand apple growing regions during the 1998-99 growing season is described.
MATERIALS AND METHODS

Ascospore release model description
Ascospore maturation is modelled by a non-linear logistic function which predicts the cumulative percentage of the season's ascospores matured at any number of degree days, above a base temperature of 0 o C, summed from 22 August: Cumulative % ascospore maturation = 100 / 1+ e -0.01 x (degree days -534) Fifty percent maturation occurs when 534 o C days have accumulated, and the rate parameter of 0.01 describes how fast maturation proceeds. Both these parameters are fixed for all regions. The percentage of ascospores available for release on any given day is the difference in percentage maturation between the given day and the previous day. Ascospores are released on days when there is 0.2 mm of rainfall between 0600 and 2000 hours. If the rainfall criterion is not fulfilled, unreleased ascospores are accumulated and then released, along with newly matured spores, on the next day with 0.2 mm of rainfall.
Ascospore release data for model validation
Ascospore release was monitored in five regions (one site in each of Auckland, Gisborne, Hawke's Bay, Nelson and Otago) from 19 August to 14 December 1998 using the exposed glass slide monitoring method (Manktelow and Beresford 1995) . At each site, five replicate slides were exposed for 3-7 day periods over black spot-diseased leaves of apple cv. Gala, which were collected from one orchard block in Hawke's Bay in June 1998, then overwintered at each monitoring site. After each exposure period, slides were examined at 300X magnification and ascospores within 1-3 transects were counted. Each slide count was square root transformed, replicate means of transformed counts were taken, and the squares of these means were used for calculating cumulative percentages. The mean count for each exposure period at each site was expressed as a percentage of the final cumulative total mean count for each site.
Weather data for model validation
The model used temperature and rainfall data from electronic weather stations (Beresford and Spink 1992) at each of the ascospore monitoring sites. Daily mean temperatures for degree day accumulations were calculated from hourly air temperature readings in a thermometer screen 1.4 m above ground level. Rainfall was recorded hourly using a tipping bucket rain gauge with 0.1 mm sensitivity, also mounted 1.4 m above ground. The model produced daily output of percentage ascospore release and these percentages were accumulated over the number of days at each monitoring site corresponding to the glass slide exposure periods.
RESULTS
The duration of the modelled ascospore release season generally agreed with the observed release season (Fig. 1) , although there was variability among the regions, with Gisborne and Otago being somewhat later.
To quantify the time that 50% maturation occurred from the observed ascospore release data at the five sites, the cumulative curves in Fig. 1 were linearized by logit transformation. Then, linear regression equations were fitted, using degree days. The regression parameters for each region were used to calculate the number of degree days at which 50% release occurred for the observed data ( Table 1 ). The overall mean value across all regions of 653 o C days was greater than the value of 534 o C days used in the model, however, the model's value was contained within the 95% confidence band of the observed data (Table 1 ). There was no systematic variation in the number of degree days to 50% maturation with latitude, suggesting that the degree day model was appropriate for all regions. The accuracy of the model was examined by calculating differences between the modelled and observed percentage ascospore release for the 79 individual exposure periods from all sites combined (Fig. 2) . Differences were smallest when the release rate was smallest, at the beginning and end of the season. The mean value of the differences was only 0.18% (s.e.=0.86), which was not significantly different from zero, indicating that the model had no overall bias towards over-or under-prediction. Although there were differences of up to 25% between modelled and observed ascospore release for some exposure periods, 90% of the modelled predictions were within ±10% of the observed ascospore counts, indicating that precision of the model predictions was good. On all the occasions when the model predicted zero ascospore release, observed ascospore release was <5%, showing that the model could accurately identify when negligible ascospore release occurred. The model correctly predicted 10 exposure periods that had substantial ascospore release which came after dry exposure periods with insufficient rainfall to release spores. On one occasion, in Hawke's Bay, some ascospore release was observed in an exposure period when there was <0.2 mm of daytime rainfall. The only rainfall in that exposure period was 0.6 mm near midnight on one night and the observed ascospore release could not be explained.
DISCUSSION
This ascospore prediction model represents a significant advance over previously developed degree day models for ascospore maturation, since it predicts the risk of ascospore release from day to day, rather than just the underlying potential for release according to the stage in the ascospore release season. Use of this model has shown that rainfall, which triggers ascospore release, rather than temperature, which drives ascospore maturation, is the major determinant of airborne ascospore numbers. This is particularly true in climates where spring rainfall occurs sporadically, such as New Zealand's east coast horticultural regions.
The present model predicts percentages of the season's total ascospores that are released daily. Actual numbers of ascospores will depend on the amount of inoculum that has been overwintered in individual orchard blocks. The model's output will therefore be more useful when used in conjunction with assessments of potential ascospore dose (Gadoury and MacHardy 1986) to estimate absolute numbers of ascospores released.
The accuracy of the model appears adequate for use in improving the management of fungicides for black spot control. Four ways in which the model could help New Zealand apple growers make decisions on fungicide use are: 1) Identifying the start of the ascospore release season in relation to green tip so that the need for early fungicide protection can be assessed; 2) Identifying exactly when the rapid increase in ascospore maturation between green tip and full bloom occurs, so that fungicide protection can be maintained over the period of highest infection risk; 3) Identifying when a lack of daytime rainfall results in little risk of ascospore release and identifying when rainfall after a dry period causes a major ascospore release event; 4) Identifying the end of the ascospore release season so that growers who have achieved good control of ascospore infection can safely reduce the intensity of fungicide applications. Computer software, which will allow this model to be used in the apple industry, is being developed. The model can be run using data from existing weather station networks (Beresford and Spink 1992) . Its use in conjunction with infection period monitoring and potential ascospore dose assessment will allow greater optimization in timing fungicide applications against apple black spot in New Zealand apple orchards.
